We present the first molecular dynamics study to probe the mechanisms of anomalous diffusion in cationic surfactant micelles in the presence of explicit salt and solvent-mediated interactions.
the sliding motion of branches along the main chain. Our simulations provide conclusive evidence and a mechanism of branch motion and stress relaxation in micellar fluids. Further, depending upon the surfactant and salt concentrations, which in turn determine the microstructure, we observe normal, subdiffusive and superdiffusive motion of surfactants. Specifically, superdiffusive behavior is associated with branch sliding, breakage and recombination of micelle fragments as well as constraint release in entangled systems.
Over the past decades, the structure, dynamics and mechanical properties of self-assembled aggregates of cationic surfactants have been studied extensively [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Self-assembly of cationic surfactant solutions can be controlled by manipulating the solvent-mediated electrostatic interactions among the surfactant molecules by altering the counter ion concentration. A rich variety of fluctuating micelle morphologies can be thus formed such as spheres, cylinders, wormlike chains as well as branched and loopy structures [8] [9] [10] . Aggregate shape, which depends on the solution temperature as well as the concentrations of the surfactant and the counter ion, has a profound effect on the rheological properties of micelle solutions. Both experiments and recent simulations [8] [9] [10] have shown the existence of branched structures in ionic surfactant solutions. It has been hypothesized that, unlike in branched polymers, thermal fluctuations can cause micelle branches to slide along the contour of the main chain and thereby provide an additional mechanism of stress relaxation [9, 11, 19, 20] . Electrostatic screening by counter ions is known to promote branch formation and an accompanying reduction in the solution viscosity [8, 11] . Further, branching tends to suppress shear banding instabilities in wormlike micelle solutions [9] . Despite the extensive literature on branched micelle systems, two major questions regarding their structure and dynamics remain unanswered:
i. Mechanisms and energetics of branching: Branched structures are formed in a cationic surfactant solution as the salinity is increased [8] [9] [10] [11] . However, the physical mechanisms underlying their formation are unclear. Second, direct molecular-level visualizations have not yet been performed to study the energetics underlying branched structures.
Third, a direct evidence of branch sliding and its influence on stress relaxation are lacking in the literature. Quantifying such putative driven motion of micelle branches poses a great challenge to experiments and molecular simulations.
In this work, we have addressed the abovementioned questions via a coarse-grained molecular dynamics (CGMD) simulation of cationic surfactant micelle solutions of cetyl-trimethyl-ammonium-chloride (CTAC), in the presence of a binding organic salt sodium salicylate (NaSal), a widely used system in experimental studies [3] [4] [5] 11] .
ii. Anomalous diffusion: Anomalous diffusion is ubiquitous in many phases of soft condensed matter. Subdiffusive behavior is encountered in crowded systems due to topological constraints, e.g. the reptative motion of polymer chains in an entangled polymer melt. On the other hand, superdiffusion is less common. Examples include molecular diffusion in glass forming liquids [21] , micro-scale particle diffusion in bacterial suspensions [22] and spin transport in Heisenberg quantum magnets [23] . Wormlike micelle solutions exist in a dynamic equilibrium determined by breakage and recombination events and are inherently polydisperse. Such dynamics and entanglement effects can cause large variations in the mobility of individual surfactants within the system [16, 17] . For instance, the lifetime of trapping due to entanglements would depend on the micelle length and hence the motion of individual surfactant molecules could vary from one aggregate to the other. In fact, Ott et al. [17] observed anomalous self-diffusion of surfactants in a solution of cetyl trimethyl bromide by measuring the diffusion of fluorescent probes using the fringe-pattern photobleaching (FRAP) technique. Specifically, the mean-square displacement (MSD) of the probe molecules was found to scale as [ r(t) − r(0)] 2 ∼ t β , with β = 1. For times shorter than the reptation time (t ≤ τ r ), superdiffusive behavior was often observed while subdiffusive behavior was more common for τ >> τ r . On the other hand, normal β = 1 and subdiffusive β ≤ 1 behaviors were observed in dilute solutions for long times. These authors attributed the superdiffusive motion to a Levy flight caused by the reptation of shorter micelles. In this Letter, we quantify surfactant motion at various salt (c S ) and surfactant (c D ) concentrations to understand the mechanisms of anomalous diffusion in CTAC-NaSal solutions.
CGMD simulations of a model [6] [7] [8] of CTAC-NaSal solution in water are conducted using the LAMMPS [24] molecular dynamics package. This model utilizes the MARTINI force field [25] for representing the interactions among the CG beads. A Particle-Particle Particle-Mesh solver is used to compute long-range electrostatic interactions. The equation of motion is integrated for a constant NVT ensemble with the temperature controlled via a Nose-Hoover thermostat with a time step ∆t = 15f s.
We present typical examples of micelle-water interfaces in Fig. 1 formed at different salt and surfactant concentrations. the branch shown in the movie moves approximately ∼ 10 nm in 50 ns. We tracked the potential energy (PE), which is the sum of the non-bonded interaction energies among all the CG beads within the branched structure, associated with this motion during which counter ions continually dissociate from and associate with the structure. As shown in Fig.3 . Diffusion of the entire system is approximately Gaussian (β ∼ 0.98) whereas those of the surfactants and Sal − counter ions are subdiffusive (β ∼ 0.74) which is consistent with the notion that they constitute the self-assembled micellar structure. However, persistent branch motion as well as breakage and recombination of micelle fragments could result in marked differences in the dynamics at the single molecule level. In order to probe such dynamic heterogeneity, we analyze the time-averaged mean square displacement (TA MSD) of the individual surfactants defined as Fig. 4 show that the number of surfactants exhibiting superdiffusive behavior increases with increasing R. This is consistent with the notion that branch motion as well as combination and breakage of micelles synergistically boost surfactant diffusion at higher R, while combination and breakage is the primary mechanism of superdiffusion at lower R.
To investigate the influence of micelle branching on stress relaxation, we study the transient response of micellar solutions at various surfactant concentrations: c D = 0.2 M, and 0.3 M for R = 0.6 and 0.8 after the cessation of a uniaxial extensional flow. We consider microstructures shown in Fig. 5(A-B) i-ii which clearly indicate an increase in the number branch points N b with increasing R. A large N b should then decrease the solution viscosity [13] as a consequence of the enhanced diffusion of branch points. Therefore, one would expect a direct dependence of stress relaxation and molecular diffusion on the degree of micelle branching. To test this hypothesis, we compute the viscosity η(t) for solutions with varying degree of branching (Fig. 5 (A-B) iii) from the stress-auto correlation
dt p ij (t).p ij (0) with i = j = x, y, z, where V is the system volume, k B is the Boltzmann constant and T is the temperature. As shown in Fig. 5 iii, the zero-shear viscosity η 0 , which is the plateau in η(t), decreases with increasing N b in accord with previous studies [8, 9, 11] . To understand the underlying mechanism for this reduction in viscosity and the role of branching on stress relaxation, we study how an externally imposed stress relax in such systems. Towards this end, we deform the microstructures under a uniaxial tensile strain at a constant strain rate in the x direction with zero pressure in y and z. Such a flow stretches the microstructure in the x direction while shrinks it in the other two directions [13] . In all of the simulations, the applied deformation is such that the equilibrium structures are appreciably stretched but yet retained their original topologies. In Fig. 5 (A-B) iv, we plot the residual stress σ xx (t) after the cessation of extensional flow. In all cases, stress decreases exponentially
Clearly, stress relaxation is faster in a solution with a higher degree of branching. Closer inspection of the individual micelles in the simulations reveals that the branches indeed slide along the main chain as conjectured by Appell et al. [5] . This study provides clear evidence that such sliding motion helps heal stresses imposed on the system.
In conclusion, we have explored the dynamics of surfactant molecules in micellar solutions with diverse morphologies.
Simulations have revealed multiple pathways of branch formation and provided direct visualizations of the sliding motion of micellar branches. We have also identified the energetic driving forces that induce incessant branch motion arising from an excess counter ion condensation at the branch points. Overall, diffusion of surfactant molecules within a micelle solution is strikingly heterogeneous as signified by the existence of a broad range of subdiffusive, normal and superdiffusive space-time trajectories. Superdiffusion of surfactant molecules can arise from three mechanisms: sliding motion of branches along the micelle contour, breakage and recombination of micelle fragments, and ballistic motion of short micelles that escape from topological constraints. The latter mechanism is supported by FRAP measurements [17] . Finally, the CGMD simulations have provided clear evidence to validate a hypothesis that was put forward almost three decades ago that an increase in branch density facilitates faster stress relaxation in micellar fluids.
